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The coordination polymer [Fe(SCN)2(bis-4-pyridylaldazine)2]n 5 
[Fe(phenanthroline)3]2n(ClO4)2n·nbis-4-pyridylaldazine·4nH2O 1 was 
crystallised from a MeOH/MeCN solution and structure consists of 
layered (4,4) 2D-nets with supramolecular ([Fe(phen)3]2bphz)4+ units 
in the pores and disordered water and perchlorate anions. The same 
supramolecular motif could be independently prepared as 10 
[Fe(phen)3]2·bphz(ClO4)4⋅xMeOH 2, and the [Ru(phenanthroline)3]2+ 
compound 3, isotructural to 1, was also prepared although a complete 
structure determination was prevented by low crystal quality.  
Compounds 1 and 3 are rare examples of how several large and 
different components can be assembled inside a 2D coordination 15 
network and provides a concept for multi-component self-assembly. 
The construction of molecular devices incorporating different 
functions can be achieved by covalent synthesis. This is an 
advantage in many cases, and current synthetic methods enable 
us to build almost any reasonable molecule.1 20 
 However, the cost of such materials may become forbidding 
in real applications if a large number of synthetic steps are 
required. Thus, if the final properties do not depend on 
covalently linking the parts, it would be advantageous to let a 
multi-component system self-assemble in a way that creates the 25 
desired relation between all the molecules.2 Here we explore 
this strategy to create an ordered multi-component system inside 
a 2D metal-organic framework (MOF). 
 The obstacle to this solid state self assembly methodology is 
that although we have a name for this, “crystal engineering”,3 30 
with a few exceptions we do not really know how to do it. Thus, 
resorcinarenes and related molecules are examples where 
supramolecular solution chemistry has given some spectacular 
examples of multi-component self assembly,4 and also a few 
materials characterised by X-ray diffraction.5 With the use of 35 
hydrogen bond “synthons”, two-component and sometimes even 
ternary, acid-base systems can be fairly reliably assembled,6 but 
without control of the overall crystal structures. The same is 
true for some very recent examples of multi-component self-
assembly inside discrete, crystalline, cage like molecules.7 40 
Moreover, on surfaces, ternary examples have been reported 
comprising two-component systems self assembling and then 
selectively incorporating fullerene molecules.8  
 We can also to some extent control the formation of two- and 
three-dimensional networks through coordination bonds.9 In 45 
these we can use inclusion of solvents to gain some control over 
the magnetic properties10 and it has been shown how 
carboxylate MOFs with large pores can bind polycyclic 
molecules and C60.11 Such networks may also be templated by 
the presence of larger molecules, usually by excess ligands or 50 
solvent. An example is the formation of the chiral 
[M(oxalato)3M']n- srs-nets12 by the shape and symmetry 
complementary [M''(phen)3]m+ cations.13 More deliberate 
examples are rotaxane frameworks where circular molecules 
have been threaded upon a 2D or 3D network.14  55 
 Presently, however, framework systems such as those 
described above seem to be restricted to two-component 
systems (disregarding counter ions and small solvent molecules, 
and count the network as one component) but in this 
communication we present a self-assembled three-component 60 
system based on a 16×16 Å square-grid Fe(II) coordination 
polymer. This system is based on the reaction of KSCN, 
Fe(ClO4)2, 1,2-bis(4-pyridylmethylene)hydrazine (bphz) and 
phen, giving [Fe(SCN)2(bphz)2]n[Fe(phen)3]2n (ClO4)2n·n(bphz) 
·4nH2O, 1, Scheme 1.¶ 65 
 
Scheme 1. Self-assembly components of 1 (not MeOH) and 2 (not SCN-): 
bphz, [Fe(phen)3]2+, perchlorate, SCN-, water and the 2D grid. 
 Compound 1 contains a (4,4) grid that forms with high 
probability from bphz and similar ligands giving 13-16 Å wide 70 
squares.10b, 15 The parallel, neutral, nets are stacked with 
skewing (67°), and inside the squares are two [Fe(phen)3]2+ 
cations with bphz molecules neatly intercalated, see Fig.1-2.‡ 
Also present in the structure are ClO4- and H2O. 
 From a crystal engineering perspective, the task is now to 75 
identify the supramolecular synthons that bind the many 
components into a crystal. Then, it may be possible to define the 
possibilities to further modify this [2D-net]·[M(phen)3]2·[L] 
system. 
 The ClO4- in 1 have no specific interactions with other 80 
components, this we conclude as the oxygens are disordered, 
and the disorder is not possible to model or resolve. (Cl…Fe 
distances 6-7 Å). Similarly, two out of four H2O are disordered 
but form hydrogen bonds to each other and to the SCN-. π-π and 
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the bphz grid. 
 The relation between the guest molecules in 1 is also defined 
by π-π and σ-π interactions, and as the bphz is intercalated this 
creates the supramolecular unit [Fe(phen)3]2bphz4+, see Fig. 3, 
left. These units are aligned along the b-axis but with no π-5 
stacking as the second Fe2…Fe2 distance is quite long, see Fig. 
2  
 
Figure 1. Structure of [Fe(SCN)2(bphz)2]n[Fe(phen)3]2n(ClO4)2n· n(bphz) 
·4nH2O, 1,  emphasising the squares in the 2D nets and the relation between 10 
these, the [Fe(phen)3]2+ cations and the bphz (1,2-bis(4-
pyridylmethylene)hydrazine). ClO4-, and framework hydrogens have been 
omitted for clarity. 
 
Figure 2. Complete structure of 1, [Fe(SCN)2(bphz)2]n[Fe(phen)3]2n 15 
(ClO4)2n·n(bphz)·4nH2O with same colour coding as Fig.1 and ClO4- and H 
atoms omitted (except for water, light blue). Pertinent dimensions of the 
structure (symmetry codes are given in the ESI): Fe1…Fe1: a 15.72 Å; b 
13.21 Å, Fe2…Fe2: c 11.22 Å; c 10.60 Å; e 12.09 Å 
 The inclusion structure is thus dependent on the interactions 20 
between the π-systems. Although these are well recognized in 
the solid state,16 they are difficult to use in crystal engineering. 
We therefore need to investigate if this supramolecular synthon 
can be found also in other structures. 
 For that reason we also prepared 25 
[Fe(phen)3]2·bphz(ClO4)4⋅xMeOH 2, containing bphz units 
intercalated between [Fe(phen)3]2+ cations in a similar way to 1, 
see Fig. 3 right. The bphz also forms a similar compound with 
[Cu(dimethyl-phenanthroline)2]+,17 but among the 209 
structures reported in the Cambridge Crystallographic Database 30 
(CSD)18 containing a [M(phen)3]n+ cation, there are only two 
other examples of a large flat neutral molecule intercalated 
between two complexes: [M(phen)3]2(phen)(V4O12) (M=Co, 
Ni).19 
 35 
Figure 3. left: ([Fe(phen)3]2bphz)4+ inside the network of 1, Fe2…Fe2 10.60 
Å. Right: the ([Fe(phen)3]2bphz)4+ in ([Fe(phen)3]2 bphz)(ClO4)4⋅xMeOH, 2, 
Fe1…Fe1 10.34 Å 
 From inspection of Fig. 3 it is clear that the bphz interactions 
with the phenanthroline complexes in 1 and 2 have similarities, 40 
but it is also clear that the molecular arrangements are not 
identical, and we can identify at least 16 relevant atom-atom 
distances that we need to evaluate and compare. This is tedious 
and hard to do in a consistent manner, and instead Hirshfeld 
surfaces20 as implemented in the CrystalExplorer program21 was 45 
used to investigated this. 
 In this approach a surface is generated that encompasses 
regions where the electron density (modelled by spherical 
atoms) from the molecule is dominant over the electron density 
contributions form the rest of the crystal. At each point of this 50 
surface one can map the distances to the closest atom on the 
inside (di) and outside (de) of the surface, generating plots 
where, for example, weak hydrogen bonds are easily detected. 
 In a mathematically less transparent operation the properties 
of the Hirshfeld surface itself, such as the curvature, can be 55 
mapped, and it has been suggested that the most informative 
way to look at π-π interactions is the shape index.20a This 
number, S, is based on the sum of the two principal curvatures 
of the surface, κ1 and κ2, divided by the their differences:  
 60 
S = (2/π) arctan [(κ1 + κ2)/(κ1 - κ2)]   (1) 
 
The shape index “is a dimensionless measure of ‘which’ 
shape”20a, and for areas where the shape index have different 
signs, displayed as red or blue areas in Fig. 4, we expect the 65 
adjoining molecules to have a complementary pattern. 
 For 1 and 2 the shape index mapping has been plotted for the 
bphz grid and inclusion molecules, see Fig. 4. Clearly the 
inclusion molecules (centre and bottom) have related 
characteristics for the central C=N-N=C part, for example the 70 
blue areas running across the waist of the molecules are similar. 
For the Fe-bphz-Fe link these band are clearly absent. 
Comparing the more peripheral parts of the molecules is not 
possible as the squeeze procedure used in the crystallographic 
refinement and the disorder in the crystals will produce 75 
artefacts.  
 It should also be noted that the Hirshfeld surface approach is 
relatively new and when used in work such as the present 
communication, this means that not only the crystals structures 
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themselves are investigated; we are also evaluating the 
usefulness of the method. 
 These interactions are perhaps not simple π-π stackings as 
the phenanthroline has donor properties and the C=N bonds 
some acceptor character. We therefore compared benzene 5 
fragments having close interactions of a CC unit to a C=N-N=C 
or C=CH-CH=C fragment in the CSD. Of the 160 hits of the 
first type, 35% had C…(C or N) contacts < 3.8 Å and 19% had 
also the benzene and C=N-N=C mean planes parallel (α<10°). 
The values for the corresponding C=CH-CH=C interactions 10 
were 9.5% and 6%. 
 An attractive extension of this approach to self-assembly 
would be to incorporate different metal ions in the intercalation 
compound and in the framework. As a proof of concept we 
therefore prepared the [Ru(phen)3]2+ analogue to 1, i.e. 15 
compound 3. Although quality problems with these crystals 
prevented a complete structure determination, the identical 
space group, and the near identical cell parameters, (a small 
increase in volume consistent with the slightly larger Ru2+ ion 





Figure 4. The shape index, as implemented in the CrystalExplorer 25 
program,21 showing regions of π−π stacking for a bphz link in 1 (top), and 
for the inclusion molecules in 1 (middle) and 2 (bottom). Shape index, S, 
(eq. 1) mapped from concave; red, over minimal saddle; green, to convex; 
blue.  
The occurrence of both Δ and Λ [M(phen)3]2+ in the structure 30 
also suggests the possibility of introducing two different 
complex ions by the use of the pure Δ or Λ forms. Moreover, 
given the many MOFs published to-date, there is ample choice 
to test this concept on other framework types. As noted 
elsewhere, these nets may be a tool for exact positioning of 35 
molecular components in the solid state,9d and one of the 
original ideas of the term MOF was that these “frames”  could 
be used to “hang” molecules on.22  
Experimental details 
Preparations Caution: Perchlorate salts of metal complexes are 40 
potentially explosive. Only small quantities of the compound 
should be prepared and handled with care. At least two preparations 
and two independent crystal structure determinations were made for 
each compound. As a number of components have been used in 
these preparations, concomitant precipitation of other solids is a 45 
problem, for example salts of the ligand,23 or other combinations of 
the molecular entities present. 24  
 Tris(1,10-phenanthroline)iron(II)chloride,25 tris(1,10-
phenanthroline) iron(II)perchlorate hydrate,25 tris(1,10-
phenanthroline)ruthenium(II) chloride26 and 1,2-bis(4-50 
pyridylmethylene)hydrazine27 were prepared, with minor 
modifications, according to the literature. 
[Fe(SCN)2(bis-4-pyridylaldazine)2]n[Fe(phenanthroline)3]2n (ClO4)2n·nbis-
4-pyridylaldazine·4nH2O 1 A solution of tris(1,10-phenanthroline) 
iron(II)chloride (0.2 mmol, 0.13 g) in 10 ml MeOH/MeCN (1:1) 55 
was added dropwise to a stirred methanolic solution of 1,2-bis(4-
pyridylmethylene)hydrazine (0.4 mmol, 0.08 g), iron(II) 
perchlorate hexahydrate [0.2 mmol, 0.05 g] and potassium 
thiocyanate [0.4 mmol, 0.04 g].  The solution was allowed to stir 
under N2 for 2 hours at room temperature then filtered off and 60 
allowed to stand for 1 week. Uniform bluish dark prismatic crystals 
of 1 were collected and dried in air. A small amount (4-5%) of co-
precipitated KClO4 could not be avoided IR: (γ, cm-1, KBr): 501(m) 
[υM-N], 624(m) [SCN-], 730(m)[SCN-], 849(m)[SCN-], 
1090(s)[ClO4-], 1427(s)[δC=N], 3524(s) [H2Ostretching]. Analytical 65 
data for C110H90Cl4.85Fe3K0.85N26O25.4S2: Calc.: C, 50.44; H, 3.46; 
N, 13.91. Found: C, 50.80; H, 2.90; N, 13.90. 
[Fe(phen)3]2·bphz(ClO4)4⋅xMeOH 2 A solution of tris (1,10-
phenanthroline) iron(II)perchlorate hydrate (0.2 mmol, 0.14 g) in 
15 ml MeOH/EtOH/MeCN (1:1:1) is added dropwise to a stirred 70 
methanolic solution of 1,2-bis(4-pyridylmethylene)hydrazine (0.1 
mmol, 0.02 g).  The solution was allowed to stir for 2 hours at room 
temperature then filtered off and allowed to stand for 1 week. Red 
prisms of ([Fe(phen)3]2bphz(ClO4)4⋅nMeOH) 2 were collected and 
dried in air.  IR: (γ, cm-1, KBr): 509(m)[υM-N], 624(m)[C=C], 75 
1085(s)[ClO4-], 1425(s) [δC=N]. 
[Fe(SCN)2(bis-4-pyridylaldazine)2]n[Ru(phenanthroline)3]2n (ClO4)2n·nbis-
4-pyridylaldazine·4nH2O 3 A solution of tris(1,10-phenanthroline) 
ruthenium(II)chloride hydrate (0.2 mmol, 0.14 g) in 15 ml 
MeOH/EtOH/MeCN (1:1:1) is added dropwise to a stirred 80 
methanolic solution of 1,2-bis(4-pyridylmethylene)hydrazine (0.4 
mmol, 0.08 g), iron(II) perchlorate hexahydrate [0.2 mmol, 0.05 g] 
and potassium thiocyanate [0.4 mmol, 0.04 g]. The solution was 
allowed to stir under N2 for 2 hours at room temperature then 
filtered off and allowed to stand for 1 week. Reddish orange blocks 85 
of 3 were collected after 1 week and dried in air. IR: (γ, cm-1, KBr): 
512 (m) [υM-N], 742(m)[SCN-], 1150(s)[ClO4-], 1405(s)[δC=N],. 
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X-ray diffraction Diffraction data for 1-3 were collected using a 
Siemens SMART CCD diffractometer with Mo-Ka radiation 
(λ=0.71073 Å, graphite monochromator). The crystals were cooled 
to 153 K (1,3) and 173 K (2) by a flow of nitrogen gas using the 
LT-2A device. Full spheres of reciprocal space were scanned by 0.3 5 
steps in ω with a crystal-to-detector distance of 3.97 cm. 
Preliminary orientation matrices were obtained from the first 
frames using SMART.28 The collected frames were integrated using 
the preliminary orientation matrices which were updated every 100 
frames. Final cell parameters were obtained by refinement of the 10 
positions of reflections with I > 10σ (I) after integration of all the 
frames using SAINT29. The data were empirically corrected for 
absorption and other effects using the SADABS[27] program. The 
structure was solved by direct methods and refined by full-matrix 
least squares on all |F2| data using SHELXTL software.[28] While 15 
hydrogen atoms were refined isotropically with use of geometrical 
constraints, two disordered ClO4- as well as one disordered H2O 
molecules in 1 and two disordered ClO4- as well as one disordered 
MeOH molecule in 2 could not be modelled properly and were 
squeezed out with PLATON30. Thermal displacement plots are 20 
given in Figures 5 and 6. 
1 Formula: C100H86Fe3N26S2O20Cl4, Mr=2465.52, Z=4, Monoclinic, 
Space group P21/n, a=13.2081(6), b=22.073(1), c=18.8381(9) Å, 
α=γ=90°, β=93.242(1)°, V=5483.3(4) Å3, θ range=2.05-25.26°, 
Completeness to θmax =99.5 %, Data/restraints/parameters: 25 
9889/2/652, Measured refl., 60159, Unique refl., 9889, Rint=0.0627, 
R(I>2σ)=0.0480, wR2(all)=0.1472, S=1.004, Largest peak/hole: 
0.587 /-0.269 e.Å-3 CCDC: 758946.  
2 Formula: C42.5H31Cl2FeN8O8.5, Mr=916.50, Z=2, Triclinic, Space 
group P-1 (no.2), a=12.2473(4), b=12.6914(5), c=13.7110(5) Å, 30 
α=79.294(1), β=74.263(1), γ=69.511(1)°, V=1911.75(12) Å3, θ 
range=2.07-30.00°, Completeness to θmax=99.7 %, 
Data/restraints/parameters: 11108/0/460, Measured refl. 30745, 
Unique refl., 11108, Rint=0.035, R(I>2σ)=0.0492, wR2(all)=0.1351, 
S=1.012, Largest peak/hole: 0.472 / -0.284 e.Å-3 CCDC: 758947.  35 
3 Monoclinic, Space group P21/n, a=13.257(4), b=22.684(8), 
c=18.352(6) Å, α=γ=90°, β=94.393(9)°, V=5502.734(4) Å3. 
Complete refinement not possible due to low crystal quality. 
 
 40 
Figure 5. A displacement ellipsoid plot of 1 (content of the asymmetric unit) 
at 50% level.  
 
 
Figure 6. A displacement ellipsoid plot of 2 (content of the asymmetric unit) 45 
at 50% level.  
 
 
CSD Searches for many component systems  
Searching the Cambridge Crystallography Database, CSD, version 50 
5.3, update February 200933 1750 hits were recorded having five 
components or more (“chemical units” ≥ 5, a total of 0.4 % of the 
structures in the database). We noted that many-component hits are 
usually found because of the inclusion of one or more small counter 
ion, and/or solvent molecules such as water or methanol. 55 
With three or more components, we searched all structures having 
no individual component with less than 10 carbon atoms, 
effectively excluding most solvents (also larger ones such a 
toluene). The 347 hits for the search criteria alone ((“chemical 
units” ≥ 3 and nC ≥ 10) were individually inspected to exclude 60 
counterions (even larger, such as tertiary amines, but not specific 
molecular ions unless very small) and solvated metal complexes, 
and retaining only structures having at least three components 
distinctively different from a chemical point of view (thus 
disregarding changes in oxidation state and protonation state).  65 
We found only 55 structures meeting these criteria. Of this 
selection, 19 are calixarenes, a few contain large tetraphenyl type 
cations, and only three relate in any way to our compound. These 
are: 
1.Catena-((m2-4,4'-bipyridyl)-bis(1,3-diphenyl-1,3-70 
propanedionato)-zinc(ii) 4,4'-bipyridine t-butyl-benzene clathrate) a 
1D coordination polymer with disordered chlathrates.34 
2.Catena-(bis(m3-2,4,6-tris(4-Pyridyl)triazine)-tris(di-iodo-zinc) 
perylene clathrate naphthalene solvate) a 3D coordination polymer 
with disordered naphtalenes.35 75 
3.Catena-(4,4'-Bipyridinedi-ium N,N'-dioxide (m2-4,4'-bipyridinedi 




manganese(iii)-hexa-niobium) a  1D coordination polymer. 36 
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